In the sensory epithelium, macrophages have been identified on the scala tympani side of the basilar membrane. These basilar membrane macrophages are the spatially closest immune cells to sensory cells and are able to directly respond to and influence sensory cell pathogenesis. While basilar membrane macrophages have been studied in acute cochlear stresses, their behavior in response to chronic sensory cell degeneration is largely unknown. Here we report a systematic observation of the variance in phenotypes, the changes in morphology and distribution of basilar membrane tissue macrophages in different age groups of C57BL/6J mice, a mouse model of age-related sensory cell degeneration. This study reveals that mature, fully differentiated tissue macrophages, not recently infiltrated monocytes, are the major macrophage population for immune responses to chronic sensory cell death. These macrophages display dynamic changes in their numbers and morphologies as age increases, and the changes are related to the phases of sensory cell degeneration. Notably, macrophage activation precedes sensory cell pathogenesis, and strong macrophage activity is maintained until sensory cell degradation is complete. Collectively, these findings suggest that mature tissue macrophages on the basilar membrane are a dynamic group of cells that are capable of vigorous adaptation to changes in the local sensory epithelium environment influenced by sensory cell status.
Introduction
Under steady-state conditions, mature tissue macrophages are pervasive throughout many cochlear partitions including the stria vascularis, the spiral ligament, the spiral ganglion and the basilar membrane (Hirose et al., 2005; Lang et al., 2006; Okano et al., 2008; Sato et al., 2008; Tornabene et al., 2006; Yang et al., 2015) . In the event of cochlear stresses, circulating monocytes infiltrate into the cochlea. Together with mature, fully differentiated tissue macrophages, these cells participate in all phases of pathogenesis.
Our current understanding of macrophage responses to cochlear stresses is derived primarily from studies of acute cochlear pathogeneses including acoustic injury (Fredelius and Rask-Andersen, 1990; Hirose et al., 2005; Tornabene et al., 2006; Yang et al., 2015) , ototoxicity (Ladrech et al., 2007; Sato et al., 2010) , and cochlear implantation (Bas et al., 2015) . Within mere hours following acoustic overstimulation, monocytes infiltrate cochlear tissues including the scala vestibuli, modiolus, lateral wall (Du et al., 2011; Hirose et al., 2005; Sautter et al., 2006; Tornabene et al., 2006; Wakabayashi et al., 2010 ), Reissner's membrane (Sautter et al., 2006) , and the basilar membrane (Tornabene et al., 2006; Yang et al., 2015) with a particularly manifest increase in the monocyte population having been reported in the spiral ligament, scala tympani, and spiral limbus (Du et al., 2011; Hirose et al., 2005; Miyao et al., 2008; Sautter et al., 2006; Tornabene et al., 2006) . The pervasive nature of macrophage infiltration into cochlear tissues following damage supports the notion that macrophages play a vital role in cochlear responses to acute cochlear insult.
The infiltrating monocytes transform into activated macrophages locally in the cochlea and express proinflammatory proteins (Yang et al., 2015) . While the exact functions of infiltrating macrophages in cochlear responses to stresses are not clear, several studies have suggested distinct roles for macrophages including phagocytosis of cellular materials from damaged or dead hair cells and production of inflammatory molecules (Fredelius and RaskAndersen, 1990; Fujioka et al., 2006; Tornabene et al., 2006) . While macrophage responses to acute cochlear damage have been investigated, the behaviors of macrophages in response to chronic sensory cell degeneration are not fully understood. Chronic sensory cell degeneration differs from acute sensory cell degeneration in many ways. Whereas OHC damage and subsequent monocyte infiltration into the sensory epithelium occur in brief succession to acute cochlear insult, chronic sensory cell degeneration presents with chronic inflammation, a slower progression of OHC loss, and a protracted activated cochlear immune response. Because of these differences, we hypothesize that mature tissue macrophages, and not newly infiltrating macrophage cells, play the dominant role in local cochlear immunity in response to chronic alterations in the local sensory epithelium environment, particularly in reaction to the slow progression of sensory cell degeneration. Due to the important role that the immune response plays in cochlear homeostasis, macrophage activities related to chronic sensory cell degeneration warrant further investigation. Such an undertaking could help shed light on both the functional changes these cells undergo and discrepancies in the cochlear immune response as a function of sensory cell degeneration.
C57BL/6J mice have been employed as an animal model for investigations into age-related sensory cell degeneration (Henry and Chole, 1980; Hequembourg and Liberman, 2001; Ison et al., 2007; Li and Borg, 1991; Mikaelian et al., 1974; Shnerson and Pujol, 1981; White et al., 2000; Willott, 1986) . This strain of mice contains a naturally-occurring gene associated with age-related hearing loss (Erway et al., 1993) . Mice who are homozygous for the Ahl mutation (C57BL/6J) display an early (1e2 months of age) onset of both hearing loss initiating in the high frequencies (Hequembourg and Liberman, 2001 ) and sensory cell degeneration starting from the basal portion of the cochlea. This sensory cell degeneration progresses toward the apical section of the cochlea with increase in age (Harding et al., 2005; Ou et al., 2000) . This slow progression of sensory cell pathogenesis provides an ideal model for investigating how macrophages respond to chronic sensory cell degeneration.
The primary objective of this study was to determine how mononuclear phagocytes beneath the basilar membrane respond to chronic sensory cell pathogenesis. We found dynamic changes in both macrophage morphology and number in the sensory epithelium of aging cochleae. These changes are spatially correlated to the stages of sensory cell degeneration. Importantly, we found that macrophages transform into an activated amoeboid morphology preceding the onset of sensory cell pathogenesis. These results indicate that sensory epithelium macrophages are an immune sensor for sensory cell pathogenesis. Moreover, the finding of proinflammatory activation of macrophages suggests potential roles for these immune cells in modulating hair cell degeneration during age-related cochlear pathogenesis.
Experimental procedures

Subjects
C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) were utilized in this investigation. Both male and female animals were used in the course of this study. Animals were housed at the University at Buffalo's Lab Animal Facility and were protected from overt noise exposure for the duration of the investigation. Procedures involving the use and care of the animal subjects were approved by the Institutional Animal Care and Use Committee of the State University of New York at Buffalo.
Auditory brainstem responses (ABR)
Auditory brainstem response (ABR) measurements were conducted to assess the auditory function in young 1-month old animals (4e6 weeks) before the onset of sensory cell degeneration, and subsequently in intermediate-aged (3e5 months) and old animals (10e12 months), using a method that was described in our previous publication (Hu et al., 2012) . Briefly, an animal was anesthetized with an intraperitoneal injection of a mixture of ketamine (87 mg/kg) and xylazine (3 mg/kg). Body temperature was maintained at 37.5 C with a warming blanket (Homeothermic Blanket Control Unit; Harvard Apparatus). Stainless-steel needle electrodes were placed subdermally over the vertex (non-inverting input) and posterior to the stimulated and nonstimulated ears (inverting input and ground) of the animal. Elicitation of the ABRs were accomplished with tone bursts at 4, 8, 16, and 32 kHz (0.5 ms rise/fall Blackman ramp, 1 ms duration, alternating phase) at the rate of 21/s. The tone-bursts were generated digitally (SigGen; TDT) using a digital-to-analog converter (100 kHz sampling rate; RP2.1; TDT) and fed to a programmable attenuator (PA5; TDT), an amplifier (SA1; TDT), and a closed-field loudspeaker (CF1; TDT). Electrode outputs were delivered to a preamplifier/base station (RA4LI and RA4PA/RA16B; TDT). Responses were filtered (100e3000 Hz), amplified, and averaged using TDT hardware and software. These responses were then stored and displayed on a computer. The ABR threshold was defined as the lowest intensity that reliably elicited a detectable response.
Cochlear tissue collection
Cochlear tissues were harvested at three time points, 1 month (4e6 weeks), 3e5 months, or 10e12 months, in a manner reported by Yang et al. (2015) . Animals were killed by CO 2 asphyxiation and subsequently decapitated. The cochleae were quickly removed from the skull and were fixed with 10% buffered formalin overnight. The cochleae were dissected in 10 mM Phosphate-buffered saline (PBS) to collect the sensory epithelia for subsequent morphological and biological analyses. Further description of sample preparation and cell composition of the samples is provided in following sections.
Immunolabeling of macrophage surface markers
The methods for immune cell staining and image capture have been previously described in detail (Yang et al., 2015) . Immunolabeling of CD45 protein, a pan-leukocyte marker, was used to identify macrophages and the nature of macrophages was confirmed using a macrophage-specific marker, F4/80. After dissection, sensory epithelium tissues were treated with 0.5% Triton X-100 and 10% donkey or goat serum albumin in PBS (pH 7.4) for 1 h at room temperature. Tissues were subsequently incubated overnight at 4 C with a primary antibody (goat CD45 polyclonal antibody, 1:100 AF114, RD Inc., Minneapolis, MN, USA or rat anti-F4/ 80 monoclonal antibody [CI:A3-1] 1:150, ab6640, Abcam Inc., Cambridge, MA, USA). After incubation with the primary antibody, the tissues were rinsed with PBS (3Â) and incubated in the dark with a secondary antibody (CD45 staining: Alexa Fluor ® 488 donkey anti-goat IgG, 1:100 in PBS, Invitrogen, Carlsbad, CA, USA; F4/80 staining: Alexa Fluor ® 488 or 594 donkey anti-rat IgG, 1:100 in PBS, Invitrogen) for 2 h at room temperature. After secondary antibody incubation, the samples were rinsed in PBS and then mounted on slides with an antifade medium (Prolong ® Gold antifade reagent, Invitrogen). In order to determine nuclear morphology, certain tissues were counterstained with a nuclear dye, propidium iodide (5 mg/ml in PBS) or DAPI (1 mg/ml in PBS).
The specificity of the primary antibodies used in this study has been previously confirmed by Yang et al. (2015) : Western blotting was used to confirm the molecular weights of the proteins targeted by the CD45 antibody using spleen and lymph node tissues. To prevent false-positive identifications due to non-specific labeling of the secondary antibodies, certain samples were incubated with only the secondary antibodies. No clear fluorescence in the tissues was found.
Determination of sensory cell damage
The assessment of sensory cell damage was accomplished by means of the procedure also reported in Yang et al. (2015) . The pattern of sensory cell damage was determined by quantifying the number of missing OHCs along the sensory epithelium from the apex to the base of the cochlea. Tissue collection was undertaken at the three time points already described. After cochlear dissection in PBS, the sensory epithelium surface preparations were incubated with the staining solution containing Alexa Fluor 488 phalloidin (1:75; Applied Biosystems, Foster City, CA USA) in 10 mM PBS at room temperature in the dark for 30 min. After the staining, the tissue was mounted on a slide.
Tissue observation and image capture
The tissues were examined using an epifluorescence illumination microscope (Z6 APO apochromatic zoom system) equipped with a digital camera (DFC3000 G microscope camera) that was controlled by Leica Application Suite V4 PC-based software (Leica Microsystems, Buffalo Grove, IL, USA). The entire length of the sensory epithelium was photographed. To observe detailed structural changes, certain samples were further examined and photographed using a confocal microscope (LSM510 multichannel laser scanning confocal image system) with associated ZEN Blue 2012 image processing software (Zeiss, Thornwood, NY, USA) utilizing a methodology previously reported (Cai et al., 2014) . The collected images were processed to improve the clarity of cells. Specifically, we used the functions of image adjustment offered in Adobe Photoshop CS6 (version 13.0.1, Adobe Systems, San Jose, CA, USA) to enhance image contrast.
Qualitative and quantitative analysis of macrophage morphology and distribution along the basilar membrane
Macrophages were identified based on their shapes and sizes. These cells are larger than other types of leukocytes and have unique shapes including dendritic and amoeboid shapes, or an irregular shape with projections. Visualization of these cells were achieved using CD45 immunostaining. The nature of macrophages was further confirmed using F4/80 immunostaining.
Basilar membrane macrophages, identified as a distinct subset of cochlear macrophages, were distinguished from neighboring macrophages (e.g., lateral wall macrophages and modiolus macrophages) using the following methods. Bright-field illumination was employed when observing cells under epifluorescence illumination microscopy which provided clear visual distinction between the sensory epithelium and surrounding cochlear tissues (e.g., lateral wall and modiolus). During confocal microscopy, the application of differential interference contrast (DIC) provided clear visualization of tissue orientation which allowed for easy identification of basilar membrane tissues. Only macrophages situated within basilar membrane tissues were evaluated for our investigation. Macrophage phenotype and distribution were evaluated and described per the following criteria. General shape. A qualitative description of immune cell morphology was conducted: e.g., dendritic, amoeboid, transitionary. Cell Size. Measurement of cell size was achieved using Adobe Photoshop to trace cell membrane boundaries. The area contained within each outlined cell was calculated and employed as a metric to estimate cytoplasmic cell area. For each tissue specimen, the area of the five largest cells was averaged to provide a single representative number for each individual cochlea. Identification of basilar membrane locality at which morphological changes become observable. This was described in terms of both a percentage of distance from the apical extreme and as an absolute length (in mm) from this same starting location.
Data analyses
Statistical analyses were performed using SigmaPlot (version 10.0.1.25, San Jose, CA, USA). An a-level of 0.05 was chosen to denote significance for all statistical tests. To determine the distribution, morphology, and additional physiological characteristics of specific cells, we surveyed cells of interest which had been positively stained with known specific protein markers (Phalloidin for OHCs and CD45 for macrophages). Positive cells were identified and distinguished from surrounding cochlear tissue by their ability to exhibit strong staining patterns in relation to adjacent cells. Distribution cochleograms and macrophage-grams were generated by quantifying the number of cells present per unit length along the basilar membrane (150 mm for sensory cells and 450 mm for immune cells). The mean for these counts was then computed to produce an average value per unit length. Subsequently, each given unit of length was then converted to a percent distance of the total expanse of the basilar membrane from the apical extreme to the basal terminus (approximating 6000 mm). For OHCs in particular, we undertook the additional step of converting the absolute number of missing cells to percentile of sensory cell loss per unit length. Group means were acquired by averaging cell counts per unit across specimens for each age group. Comparisons of cellular morphology and cell density across the length of the cochlea from apex to basal extreme was made possible by dividing cochleae into an apical (approximately 0e50%) and basal sections (50e100% distance from the apex). Student's t-test was employed when comparing any two experimental groups (e.g., young vs. aged cochleae). A one-way ANOVA was utilized when analyzing variation among three or more groups when examining one parameter condition at a time.
ABR results were evaluated with the application of a two-way ANOVA to define the interplay between stimulus frequency and the three subject age groups. The correlation between immune cell size and the number of missing sensory cells was determined with the Pearson product moment correlation coefficient aimed at revealing the linear relationship between these two variables.
Results
Degeneration of sensory cells in the basal portion of the sensory epithelium with advancing age
To provide a context for interpreting the findings of macrophage activities in aging cochleae, we examined the integrity of sensory cells using phalloidin labeling of f-actin in the cuticular plates of hair cells. Loss of cuticular plates demonstrates substantial detriment to the sensory cells, and this method was employed to assess the degree of sensory cell damage. We found an age-related sensory cell degeneration initiating at the basal extreme of the sensory epithelium which progresses apically with aging (Fig. 1AeD) . In young mice (1 month), little to no sensory cell loss was found throughout the entire organ of Corti. Intermediate-aged mice (3e5 months) displayed the early onset of sensory cell loss beginning in the basal extreme of cochleae. By 10e12 months of age, sensory cell lesions further expanded with complete OHC loss in the region approximately 80e100% from the apex and near-complete to intermittent cell loss in the region about 60e80% distance from the apex. This increase in the numbers of missing cells is statistically significant in both the 3e5 month and 10e12 month groups (Fig. 1E , One-way ANOVA, F (2, 34) ¼ 343.8, P ¼ <0.001, Tukey posthoc all pairwise multiple comparison, 10e12 months vs. 1 month, q ¼ 36.83, P ¼ <0.001, 10e12 months vs. 3e5 months, q ¼ 26.77, P ¼ <0.001, 3e5 months vs. 1 month, q ¼ 17.94, P ¼ <0.001). The finding of the base-dominated sensory cell degeneration in C57BL/6J mice is consistent with the findings of previous studies (Henry and Chole, 1980; Spongr et al., 1997) .
We further examined ABR thresholds at the frequencies 4, 8, 16 and 32 kHz to assess auditory function. We found an average threshold shift of 16.1 ± 3.0 dB beginning at the middle and high frequencies (8e32 kHz) for 3e5 month old mice. The shift expanded to the lowest tested frequency (4 kHz) and the level of the shift was increased to 36.8 ± 6.2 dB for 10e12 month old mice (Fig. 1F , Two-way ANOVA, F (2, 68) ¼ 14.1, P ¼ <0.001, Holm-Sidak post-hoc method for all pairwise comparisons, 10e12 months vs. 1 month, P < 0.001, 3e5 months vs. 1 month, P ¼ 0.005). This high frequency-dominated auditory dysfunction is consistent with the basal sensory cell degeneration. Together, the pathological and functional assessments revealed a basal-to-apical sensory cell pathogenesis and a high-to-low frequency loss of hearing sensitivity in aging C57BL/6J mice.
Site-specific diversity in macrophage morphology
Basilar membrane macrophages were identified using immunostaining of CD45, a pan-leukocyte marker (Morris et al., 1991) , and were confirmed in certain samples using immunolabeling of F4/80, a macrophage-specific marker (Fig. 2) . The macrophages were found on the scala tympani side of the basilar membrane. Under normal conditions, these macrophages display a site-specific diversity in their morphological phenotypes. The apical region of the sensory epithelium (0e30% distance from the apex) is dominated by dendritic macrophages with a slim body and multiple long projections (Fig. 3A) . The intermediary region approximating 30e70% distance from the apex features macrophages with a dendritic-to-amoeboid transitional phenotype (Fig. 3B) . The basal region of the sensory epithelium (70e100% distance from the apex) is characterized by macrophages with an amoeboid morphology (Fig. 3C ). These observations are consistent with the findings of the macrophage diversity described in our previous publication (Yang et al., 2015) .
Activation of basilar membrane macrophages in aging cochleae
To define age-related changes in macrophage activity, we examined the macrophage morphology, an essential indicator of macrophage activation. In aging cochleae, apical sections continued to feature ramified cells exhibiting a dendritic shape (Fig. 4A ) with no significant change in morphology as compared to young specimens. However, macrophages in the middle and basal regions of the sensory epithelium displayed enlarged cell bodies and a grainy appearance with easily visible vacuoles and numerous particulate inclusions ( Fig. 4B and C) . Further, certain macrophages were observed to have processes projecting toward adjacent macrophages (larger arrow, Fig. 4C ), and giant macrophages with irregular-shaped nuclei (Fig. 4B) were also observed. These changes were observed in both the 3e5 month and 10e12 month group samples.
To quantify the morphological change, we compared the sizes of macrophages among the three age groups. The average size of macrophages in the 1 month old cochleae (564.0 ± 194.5 mm 2 ) was significantly smaller than those of the macrophages in both the 3e5 month and the 10e12 month cochleae (1094.3 ± 247.4 mm 2 and 1038.4 ± 182.6 mm 2 ; One-way ANOVA, F (2, 28) ¼ 19.3, P < 0.001, Tukey post-hoc all pairwise multiple comparison, 3e5 months vs. 1 month, q ¼ 8.58, P < 0.001, 10e12 months vs. 1 month, q ¼ 5.15, P ¼ 0.003; Fig. 4D ).
As in young cochleae, aging cochleae had a few CD45-positive cells showing a small round shape that is the monocyte phenotype. The number of these cells was found to be similar between the young and the aging samples, suggesting that the aging basilar membrane lacks the infiltration of monocytes. Collectively, our observations reveal site-specific changes in macrophage morphology, and this morphological transformation is a sign of macrophage activation (Davis et al., 1994; Raivich et al., 1999; Stence et al., 2001; Young and Bok, 1969) .
Age-related changes in macrophage numbers
To further define the age-related changes in macrophage activity, we quantified the number of CD45-positive cells as a function of the distance from the apex to the base of the basilar membrane. These numbers were compared among the three age groups. As compared with the young cochleae, the average number of macrophages per cochlea remained unchanged in the 3e5 month group and was decreased in the 10e12 month group (Fig. 5A) . However, the change was not statistically significant (One-way ANOVA, P > 0.05). Further analysis of the macrophage-gram revealed a heterogeneous change in macrophage numbers along the gradient of the sensory epithelium (Fig. 5B) . In the apical section of the sensory epithelium (0e30% from the apex), the average number of macrophages increased from 25 ± 6 at the age of 1 month to 29 ± 3 at the age of 3e5 months and 30 ± 6 at the age of 10e12 months. The difference between the young and the aging cochleae is statistically significant (Fig. 5C , Student's t-test, t (29) ¼ À2.71, P ¼ 0.011). In contrast to the apical section, the middle section showed no change in the number of macrophages in both aging groups (Fig. 5B , see the section marked by Middle).
The basal section of the sensory epithelium (50e100% distance from the apex) exhibited a decline in the total number of macrophages with advancing age. The average number of mature tissue macrophages was reduced from 49 ± 15 observed for the young group to 43 ± 11 for intermediate-aged group, and further down to 22 ± 8 for the 10e12 month group (Fig. 5D , One-way ANOVA, F (2, 28) ¼ 7.1, P ¼ 0.003, Tukey post-hoc all pairwise multiple comparison, 10e12 months vs. 1 month, q ¼ 5.30, P ¼ 0.002, 10e12 months vs. 3e5 months, q ¼ 4.27, P ¼ 0.014). This result suggests a site-dependent reorganization of macrophage quantities in the basilar membrane as age increases.
Enhanced macrophage activity in the region of active sensory cell degeneration
We sought to determine how the changes in macrophage activities were correlated to the activity of sensory cell pathogenesis. To this end, we divided the sensory epithelium into three anatomic zones representing three stages of sensory epithelium pathogenesis: pre-initiation, active (on-going), and complete (Fig. 6A) . The pre-initiation stage represents early sensory cell degeneration before the onset of hair cell death. The completed stage denotes the terminating stage of sensory cell lesions that has culminated in complete or near complete sensory cell degradation. The active stage represents active sensory cell degeneration where the onset of hair cell loss is rapidly commencing in the intervening region between the zones comprising the pre-initiation stage and the complete stage.
We quantified the number of missing OHCs in the central region of the active zone of sensory cell pathogenesis (see the gray shaded area in Fig. 6A ) for 10 cochleae from which corresponding macrophage numbers were also collected. Based on the numbers of missing OHCs, the cochleae were divided into two groups, the lesser damage group and the greater damage group, and the two groups displayed a significant difference in the average numbers of missing OHCs (Fig. 6B , Student's t-test, t (8) ¼ À2.50, P ¼ 0.037). We then quantified the number of macrophages present in the same and immediately surrounding region of the basilar membrane where these fresh lesions were initiating (see the yellow shaded area in Fig. 6A ). As expected, the cochleae with greater OHC lesions displayed statistically more mature tissue macrophages than the cochleae with less severe OHC lesions, and this difference is significant (Fig. 6B , Student's t-test, t (8) ¼ 3.98, P ¼ 0.004). This observation suggests that active sensory cell degeneration leads to enhanced macrophage activity, and therefore, a more robust immune response.
Reduction in macrophage activity in the sensory epithelium region showing complete OHC degradation
We further quantified the number of macrophages in the cochlear region displaying the complete stage of sensory cell degeneration (see Fig. 6A ), and found a significant reduction in the number of macrophages as compared to the number of macrophages in the same region of young cochleae where no OHC lesion was found (Fig. 7A , Student's t-test, t (13) ¼ 2.54, *P ¼ 0.025). This observation suggests that macrophage activity is reduced once sensory cell degradation is completed.
To provide further evidence for the reduction in macrophage activity, we performed a correlation analysis to determine how macrophage size changed as a function of the number of missing OHCs, a parameter for the size of OHC lesions, in the basal 50% of the sensory epithelium. We found that the two parameters were negatively correlated (Fig. 7B , Pearson product moment correlation, r ¼ À0.836, P ¼ 0.005), indicating that macrophage size decreases as the size of OHC lesions increases. This result is consistent with the finding that macrophage number decreased in the region where OHC degradation is completed. These observations suggest that macrophage activity diminishes as sensory cell pathogenesis has reached the complete stage of OHC loss.
Amoeboid transformation precedes the onset of sensory cell death
We sought to determine how the amoeboid transformation of macrophages, a sign of macrophage activation, is spatially correlated to the progression of sensory cell lesions as they advance apically. The distance along the basilar membrane from the apical extreme to the nearest amoeboid macrophages was measured in 31 cochleae. In both the 3e5 and 10e12 month groups, the distribution of amoeboid macrophages was more apical than that of OHC lesions ( Fig. 8A and B) . The average percent-distance from the apex to the nearest amoeboid macrophage was 62.6 ± 8.0% in the 3e5 month group. The distance was reduced to 46.3 ± 9.2% in the 10e12 month group (Fig. 8C, Student' 
These results demonstrate that activation of macrophages occurs in the sensory epithelium area ahead (more apical) of regions presenting with substantial sensory cell death.
Discussion
The goal of the current investigation is to determine how basilar membrane macrophages respond to chronic sensory cell Comparison of the total number of macrophages across the entire length of the sensory epithelium among the three age groups (1 month, n ¼ 11; 3e5 months, n ¼ 16; 10e12 months, n ¼ 4). While there is a trend of reduction with an increase in age, the change is not statistically significant (One-way ANOVA, P > 0.05). (B) Macrophage-gram showing the distribution of macrophages spanning the full length of the basilar membrane. Note the nonhomogeneous change in macrophage number in different regions of the sensory epithelium as a result of advancing age. (C) Comparison of the total numbers of macrophages in the apical section between the young (1 month) and aging cochleae (3e12 months). The number is significantly increased in aged compared to young cochleae (Student's t-test, t (29) ¼ À2.71, *P ¼ 0.011). (D) Comparison of the total numbers of macrophages in the basal portion. A progressive reduction in macrophage numbers occurs among age groups, and this reduction is statistically significant (Oneway ANOVA, F (2, 28) ¼ 7.1, P ¼ 0.003, Tukey post-hoc all pairwise multiple comparison, **P ¼ 0.002, *P ¼ 0.014).
Fig. 6. (A)
Three stages of sensory cell pathogenesis: pre-initiation, active and near complete. The data are derived from cochleograms showing the distribution of OHC loss for ten 3e5 month old cochleae. The number of missing OHC was calculated in the center region of active sensory cell degeneration (gray shaded region). This area was selected for the analysis of macrophage numbers (acquired from the immediately surrounding regions, shaded yellow) in cochleae demonstrating either greater or lesser OHC lesion for Fig. 6B. (B) Comparison of macrophage counts in the basilar membrane regions with greater and lesser OHC loss. The levels of OHC damage were quantified in the basilar membrane region that displayed the active sensory cell pathogenesis (marked with light gray in Fig. 6A ). The macrophages we quantified are all located in and around the region of active sensory cell pathogenesis (marked with yellow and light gray in Fig. 6A ). Cochleae with a greater number of missing OHCs (black dots, n ¼ 4) exhibit a greater quantity of macrophages when compared to cochleae with lesions of less severity (red dots, n ¼ 6) (Student's t-test for missing OHC comparison, t (8) ¼ 3.98, **P ¼ 0.004; Student's t-test for macrophage comparison, t (8) ¼ À2.50, *P ¼ 0.037). This observation suggests that a greater degenerative activity of sensory cells leads to greater macrophage activity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) degeneration in a mouse model of age-related sensory cell degeneration. We reveal four major findings. First, it is mature, fully differentiated tissue macrophages that are the major type of macrophage populations responsible for the cochlear immune response in age-related hair cell degeneration, and newly infiltrated monocytes are rare. Second, the mature tissue macrophages display a site-dependent change in their morphology and numbers and these changes are related to the dynamic progression of sensory cell degeneration. Third, apical and basal macrophages display different phenotypes under steady state conditions and have different response patterns to sensory cell degeneration. Finally, mature tissue macrophages are a sensitive internal sensor for early sensory cell degeneration. Together, these results suggest that the macrophage-mediated immune response is an integral part of the cochlear response to age-related chronic sensory cell degeneration.
Why are basilar membrane macrophages examined?
Mature tissue macrophages have been identified in the cochlea under both normal and pathological conditions. Though these cells are present in multiple sites within the cochlea, our study focused specifically on basilar membrane macrophages positioned immediately beneath the organ of Corti on the scala tympani side of the basilar membrane. This decision was made with the following two conditions. First, the basilar membrane macrophages are in closest proximity to the sensory cells and therefore are more prone to hair cell-related activation. This notion is supported by our finding of robust activation of basilar membrane macrophages in reaction to the insidious progression of sensory cell degeneration. Second, macrophages in this region reside on the flat surface of the basilar membrane, facilitating a detailed analysis of cell morphology using confocal microscopy. With this experimental paradigm, we were able to make multiple novel findings.
Difference in macrophage responses between acute and chronic sensory cell damage
Our study reveals the major difference between macrophage responses provoked by acute and by chronic cochlear pathogeneses. In the event of acute sensory cell damage induced by ototoxicity, immune challenge or acoustic injury, a large number of undifferentiated monocytes from circulation expeditiously infiltrate into the cochlea (Hirose et al., 2005; Kaur et al., 2015; Okano et al., 2008; Shi, 2010; Tornabene et al., 2006; Yang et al., 2015) . Therefore, infiltrated macrophages are the major executor for the immune activities, including phagocytosis of broken-down cellular material (Fredelius and Rask-Andersen, 1990 ) and inflammatory molecule production (Fujioka et al., 2006; Gloddek et al., 2002; Tornabene et al., 2006; Yang et al., 2015) . In contrast, in the event of chronic sensory cell degeneration, the immune response is fulfilled primarily by mature tissue macrophages. This conclusion is supported by our finding that, in aging sensory epithelia, infiltrating monocytes are rare and that mature tissue macrophages display strong reaction to age-related degeneration. This finding emphasizes the importance for mature tissue macrophages in chronic sensory cell pathogenesis.
Macrophage activity is correlated to the stages of the progression of sensory cell lesions
We sought to uncover how macrophage activity is influenced by the progressive stages of sensory cell pathogenesis. OHC loss in our Comparison of the distribution areas of amoeboid macrophages between the 3e5 month group and the 10e12 month group. The mean location of the most apical amoeboid cell for both age groups is indicated by vertical black lines. Macrophage transformation into an amoeboid phenotype was observed to advance apically in 10e12 month old cochleae (n ¼ 4) when compared to 3e5 month old (n ¼ 16) specimens, and this difference is significant (Student's t-test, t (29) ¼ À2.71, P ¼ 0.011). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) animal model initiates in the basal portion of the cochlea and proceeds apically until the lesion reaches 60% distance from the apex by approximately one year of age. Based on this pattern of lesion growth, we categorize the sensory cell pathogenesis into three stages: pre-initiation, active and complete (See Fig. 6A ). We reveal that macrophage activities are modulated by these three stages of hair cell pathogenesis. In the region showing the advanced pathology featuring completion or near completion of sensory cell degradation, the number and the size of macrophages are reduced. This suggests that macrophage activity requires signals from sensory cells. Once sensory cell loss is completed, the biological incentive for macrophage activity diminishes.
The sensory epithelium section featuring the active stage of sensory cell degeneration is located in the juncture between the regions of severe and minor sensory cell loss. It is not surprising that the macrophage number in this region is positively related to the level of sensory cell loss because more active sensory cell degradation provokes greater macrophage activity. The tendency for immune cells to congregate in greater numbers in the vicinity of more active lesions is likely related to localized enhancement of molecular signaling linking macrophage activity to sensory cell status. Macrophage detection of sensory cell degradation is likely to be mediated in part by Tlr4, a membrane receptor that is capable of binding either extrinsic molecules from bacteria or intrinsic molecules from damaged tissues. This speculation is made based on our recent finding that Tlr4 is expressed in basilar membrane macrophages and that Tlr4 knockout suppresses the production of inflammatory mediators such as Il6 and inhibits the expression of major histocompatibility complex II, an antigen presentation molecule in macrophages (Cai et al., 2014; Vethanayagam et al., 2016 ).
An unexpected finding of the current study is that activation of macrophages as evidenced by amoeboid transformation occurs in the sensory epithelium region where sensory cell lesions are yet to initiate. This early activation of macrophages suggests that macrophage activation precedes sensory cell death, which in turn suggests that early changes in the immune environment could serve as a triggering event for sensory cell pathogenesis. While we do not have further evidence to support this speculation, our study reveals that macrophage activity in the sensory epithelium is closely related to the progressive status of sensory cell pathogenesis.
Potential roles for macrophages in sensory cell pathogenesis?
The finding of macrophage activity raises an important question as to the functional roles for mature tissue macrophages in sensory cell pathogenesis. In non-cochlear tissues, macrophages perform essential functions related to tissue homeostasis and pathogenesis. For example, microglia, the resident macrophages in the brain, have been shown to play a complex role of either neuroprotection or destructive neuronal necrosis and apoptosis, depending on the degree of neurodegenerative insult (Aschner et al., 1999; Banati et al., 1993; Bruce-Keller, 1999) . Many parallels can be drawn between microglia and mature tissue macrophages of the cochlear sensory epithelium. Microglia are present as several different phenotypes with each individual morphology believed to perform a distinct immunological function (Davis et al., 1994; Raivich et al., 1999) . Our results reveal a site-dependent morphology of basilar membrane macrophages, suggesting a manifest immune capacity for cells of a dendritic shape versus amoeboid cells. While mature dendritic mononuclear phagocytes represent primarily latent immune cells engaged in monitoring the local tissue environment (Kreutzberg, 1996) , cells of an amoeboid morphology have been demonstrated to epitomize a highly activated immune cell state Peters and Swan, 1979; Stence et al., 2001; Vaughan and Peters, 1974; Young and Bok, 1969 ). Here we present evidence of site-dependent activation of amoeboid macrophages in regions of the sensory epithelium associated with substantial OHC loss, suggesting that amoeboid macrophages are activated in response to sensory cell status in the local environment. Scrutinizing these amoeboid cells in older specimens revealed extensive morphological transformations associated with the induction of proinflammatory mediators. Based on these findings, we suspect that macrophages contribute to deterioration of the sensory cell microenvironment. This speculation is further supported by the finding that active macrophage transformation occurs in the region of the sensory epithelium where sensory cell degeneration has not yet initiated. Our findings suggest that macrophage activities serve as a contributing factor for sensory cell pathogenesis, which warrants further investigations.
Summary
Our study reveals that mature tissue macrophages in the sensory epithelium are a group of plastic immune cells capable of vigorous adaptation to changes in the local sensory epithelium environment influenced by sensory cell status. This nature of macrophages enables them to serve as a sensitive immune sensor for sensory cell homeostasis. Moreover, the finding of macrophage activation during age-related sensory cell degeneration suggests potential roles for these immune cells in modulating hair cell degeneration. Further studies are warranted to elucidate the molecular mechanisms for regulating macrophage activity and the functional role of macrophage activity in cochlear sensory cell pathogenesis.
